The nutritional requirements of Shigella grown in chemically defined media have been investigated by Koser et at. (1938a, b) , Kligler and Grosowitz (1939) , and Weil and Black (1944) , among others. These investigators have reported the successful cultivation of various strains of Shigella in chemically defined, synthetic media of variable composition. All of these media consisted of inorganic salts, glucose, nicotinic acid, and various combinations of several amino acids. Recent metabolic studies with Shigella flexneri 3 strain 1013, (Erlandson and Ruhl, 1956) have shown that this organism possesses a very active metabolic mechanism for dissimilating amino acids and related nitrogen compounds. Thus, the previously described synthetic media seemed unduly complex for the growth of S. flexneri 3 by reason of the number of amino acids required in their preparation. Consequently, the present study was undertaken to determine whether a single amino acid or other nitrogen compound could be utilized as the nitrogen source for growth and subsequently to develop a simple, chemically defined medium for the cultivation of Shigella. Interest in this laboratory has centered on S.
flexneri 3 strain 1013, which was used in previous studies. The (Erlandson and Mackey, 1957 cifically stated to the contrary. The strain was biochemically and serologically characteristic of the species and was maintained in a lyophilized state. Other serotypes and species of Shigella used in later studies were also biochemically and serologically characteristic.
Pyrex glassware was used in all experiments. Prior to use, it was rigorously cleaned in aqua regia and thoroughly rinsed in deionized, distilled water. The highest grade chemicals commercially available were used throughout the study. The accessory growth factors employed were crystalline preparations from reputable sources.
Inocula preparation was rigidly standardized, both to minimize variation in numbers and activity, and to reduce the possibility of nutrient carry-over. Cells were carefully washed off the surface of an 18-hr brain-heart infusion agar (Difco) Kolle flask to 0.067 M phosphate buffered saline, washed three times, and resuspended in buffered saline to a given turbidity. A 0.1 ml aliquot of appropriate dilution was used for the inoculation of experimental cultures. In order that this standard inoculum might be interpreted in terms of numbers of viable cells, a curve was prepared to show the relationship between viable cell count and percentage light transmittance for suspensions prepared in this manner. Plate counts of the inocula in each experiment were made also.
Cultures for static incubation were grown in 10 ml aliquots of media in test tubes. Aerated cultures were grown in 10 ml aliquots in 25-ml Erlenmeyer flasks mounted on a shaker and in 100-ml aliquots in "Gas-Washing" flasks. All samples were incubated at 37 C.
Growth was evaluated turbidimetrically using a Coleman Universal spectrophotometer with a 600 mu filter; the uninoculated medium and the inoculated basal medium served as controls. A selective utilization of certain nitrogen compounds is apparent imme(liately. Aspartic acid supported excellent grow-th at both inocula levels. Serine supported good growth at the higher inoculum but no growth alt the lower inoculum. Glutamic acid, glycine, anud the glycine di-and tripeptides permitted mo(lerate growth at both inocula levels; alanine, a1sparagine, glutamine, and threonine permitted light growth, and the other compounds allowed negligible or no growth of the test organism. Of the inorganic ammoniurn salts, onlyr ammonium citrate and ammonium phosphate were capable of supporting fair growth. The sufficiency of L-aspartic acid as a nitrogen source was further demonstrated by maintaining serial transfers of the organism in the mediuim with no appreciable change in the growth rate, maximum turbidity being attained in 24 to 48 hr. Further, the degree of variation usually associated with synthetic media was found to be comparable to that obtained with the usual liquid media.
The utilization of stereo-isomers of aspartic acid for the growth was investigated on a limited basis, since previous metabolic studies (Erlandson and Ruhl, 1956) The effect of pH upon the growth of S. flexneri 3 in the aspartic acid medium is shown in figure  1 . It should be noted that, with a large inoculum, the pH optimum occurred over a wide range, whereas with a small inoculum, the pH optimum occurred approximately at neutrality.
The effect of substrate concentration on growth was negligible. Very little, if any, change in growth rate was found to occur within the concentration range of 0.25 per cent to 2 per cent aspartic acid.
Since previous evidence (Erlandson and Ruhl, 1956) Figure 1 . The relationship between pH and growth of Shigella flexneri 3 strain 1013, in a synthetic medium, using large and small inocula. acid medium to sustain growth at low levels of inoculation was tested. These data, presented in table 2, indicate the ability of the medium to support growth of S. flexneri 3 at very low inoculum levels (102 cells per ml). Though the rate of growth from these small inocula was initially slow, the same total growth was eventually reached with all inocula.
The sufficiency of the aspartic acid medium was further demonstrated by maintaining serial transfers of the organism for 15 days with no appreciable change in either the rate or extent of growth. Further, the extent of colonial variation encountered therein was found to be comparable to that obtained with the usual undefined broths.
In order to determine the efficacy of this synthetic medium in terms of its comparison with a maximal medium (brain-heart infusion broth, were tested first. These strains were selected at random from the Naval Medical Reference Collection of Enterobacteriaceae. All of these strains grew readily in the synthetic medium at the high inocula level and all grew consistently at the small inocula level. Average yields of from 1 to 5 billion viable cells per ml were obtained in 24 hr. Further, all were easily maintained for a minimum of 10 successive serial transfers without significant change in growth rate. The medium also was capable of supporting the growth of S. sonnei, with results comparable to that found with S. flexneri. However, the medium was unable to support the growth of seven serotypes of S. boydii or seven serotypes of S. dysenteriae.
DISCUSSION
This investigation has attempted to demonstrate that many strains of Shigella may be cultivated in a relatively simple medium, in which all constituents are chemically defined. Our interest in these studies has centered about the 6 serotypes of Shigella flexneri. The essential nutritive requirements of these organisms may be met by a combination of mineral salts, two accessory growth factors, a single carbohydrate energy source, and a single amino acid nitrogen source. Although certain inorganic ammonium compounds and amino acids were capable of serving as the sole nitrogen source, maximal growth was obtained using aspartic acid. The degree of selectivity for nutrients was indicated by the fact that, although closely related in structure, neither asparagine nor glutamic acid were capable of successfully substituting for aspartic acid as the nitrogen source for growth. The utilization of only the natural isomer by the organism was suggested by its failure to grow in the presence of D-aspartic acid. However, no inhibition of the natural isomer by the D-isomer was found. It was of interest to note that of all the nitrogen compounds tested, those compounds which supported the growth of the test organism, when singly supplied as the nitrogen source, were qualitatively correlated with those compounds which were actively oxidized and deaminated by nonproliferating cells (Erlandson and Ruhl, 1956 ). This correlation, however, appeared strictly qualitative and no quantitative correlation was evident. This observation and the fact that the ammonium ion may serve as nitrogen source for growth suggests the hypothesis that amino acids may serve as an organic source of ammonia, this in turn serving as the primary nitrogen source for synthetic reactions. This does not exclude the possibility of direct assimilation of the preformed amino acids as a pathway for nitrogen anabolism. Further, these observations suggest that the combinations of amino acids, which other investigators have indicated as necessary for growth, may function in a stimulatory rather than an essential role in the nutritional requirements of these organisms.
It seems probable that the maximal level of growth attained with any one strain might be considerably improved by minor modifications in the basic formulation of the medium described. However, the growth curve comparisons between the synthetic and maximal media attest to the sufficiency of the synthetic medium. Although the medium presented does not support the growth of all species of Shigella and may not furnish the optimal nutritional requirements of any single strain, it affords an extremely useful tool in metabolic and nutritional studies with these organisms. The inability of the medium to support the growth of any of the serotypes of S. boydii and S. dysenteriae is a problem of interest. Whether this is the result of significant nutritional differences or merely the absence of an essential nutrient merits consideration in future studies.
SUMMARY
An investigation of the nutritional requirements of Shigella flexneri 3 strain 1013, has resulted in the formulation of a medium consisting of mineral salts, two accessory growth factors, a single carbohydrate energy source, and a single amino acid nitrogen source. Although the inorganic ammonium ion and certain amino acids could serve as the sole nitrogen source, aspartic acid yielded maximal growth.
The effects of pH, concentration, aeration, inocula size, and other factors were determined. The medium was capable of supporting the growth of all 6 serotypes of Shigella flexneri.
